Coordinated regulation of endometrial gene expression is essential for successful pregnancy establishment. A nonreceptive uterine environment may be a key contributor to pregnancy loss, as the majority of pregnancy losses occur prior to embryo implantation. DNA methylation has been highlighted as a potential contributor in regulating early pregnancy events in the uterus. It was hypothesized that DNA methylation regulates expression of key genes in the uterus during pregnancy. The correlation between DNA methylation and gene expression was tested. Endometrial samples from fertile and subfertile dairy cow strains were obtained at day 17 of pregnancy or the reproductive cycle. Microarrays were used to characterize genomewide DNA methylation profiles and data compared with previously published transcription profiles. 39% of DNA methylation probes assayed mapped to RefSeq genes with transcription measurements. Correlations among gene expression and DNA methylation were assessed, and the 1,000 most significant correlations used for subsequent analysis. Of these, 52% percent were negatively correlated with gene expression. When this gene list was compared with previously reported gene expression studies on the same tissues, 42% were differentially expressed when pregnant and cycling animals were compared, and 11% were differentially expressed when pregnant fertile and subfertile animals were compared. DNA methylation status was correlated with gene expression in several pathways implicated in early pregnancy events. Although these data do not provide direct evidence of a causative association between DNA methylation and gene expression, this study provides critical support for an effect of DNA methylation in early pregnancy events and highlights candidate genes for future studies. DNA methylation; gene expression; pregnancy SYNCHRONOUS DEVELOPMENT OF the embryo and a receptive endometrium is critical to the establishment and maintenance of pregnancy (1). At least 30% of human pregnancies are lost prior to implantation (25), and it is estimated that up to 80% of pregnancy losses in dairy cattle occur during the preimplantation period (9). Previous studies have indicated large differences in the endometrial transcriptional profiles of pregnant and nonpregnant dairy cows (3, 20, 43) , animals with divergent fertility phenotypes (44), and animals pregnant with embryos produced from somatic cell nuclear transfer or in vitro fertilization compared with artificial insemination (26). A role for DNA methylation in regulating the expression of genes involved in uterine receptivity has recently been highlighted (35, 37) . Additionally, aberrant DNA methylation in the endometrium may contribute to reproductive disorders and/or infertility (11, 23, 40, 49, 50) ; for example, E-cadherin is downregulated in the endometrium of some infertile women and is downregulated in a nonreceptive human endometrial cell line (27, 37). Inhibiting methylation of E-cadherin in a nonreceptive human endometrial cell line results in upregulation of E-cadherin and in the cell line becoming receptive. Another gene regulated by methylation, HOXA10, is expressed in the endometrium and is involved in regulating endometrial receptivity. Downregulation of HOXA10 in women with endometriosis has recently been associated with aberrant methylation (49).
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DNA methylation involves the covalent modification of DNA through the addition of a methyl group to the cytosine ring of the DNA strand. This addition converts cytosine to 5-methylcytosine and is catalyzed by DNA methyltransferases (DNMTs) (32) . In mammals, DNA methylation occurs most commonly at the cytosine residue of a CpG dinucleotide and is generally associated with inhibition of promoter activity, as it can prevent the binding of transcription factors and is associated with an indirect repression of chromatin state through recruitment of methyl-CpGbinding proteins (48) . In summary, DNA methylation in a genes promoter sequence is negatively associated with gene expression or transcript abundance (Fig. 1) . Conversely, methylation in the body of a gene is not associated with transcriptional repression (18, 47) . Other mechanisms that regulate gene expression include posttranscriptional modification of histone tails and posttranscriptional regulation mediated by nonprotein-coding RNA molecules such as microRNA (miRNA) and long noncoding RNA. In particular, miRNA can regulate gene expression through repression of translation or by targeting mRNA for degradation (21) . In the endometrium, miRNA are under the influence of steroid hormones such as estrogen. For example, treatment of ovariectomized mice with estradiol resulted in downregulation of a miRNA predicted to regulate matrix metalloproteinase 9 (MMP9) expression. Treatment with estradiol resulted in downregulation of this miRNA and greater protein abundance of MMP9 (30) . MMP9 is involved in remodeling of the extracellular matrix in preparation for embryo implantation (17) . Another gene regulated by miRNA in the uterus of mice is the prostaglandin cyclooxygenase-2 (6) . Regulation of gene expression, in particular via steroid hormoneresponsive miRNA may be an important mechanism regulating events in early pregnancy and warrants further investigation.
Genome-wide DNA methylation can be quantified in a highthroughput manner with methylated DNA immunoprecipitation (IP) and microarrays (46) . A DNA sample is divided into two aliquots, and one sample is immunoprecipitated with an antibody that binds methylated cytosine, enriching the sample with methylated DNA only. The enriched sample and nonenriched sample are then labeled with different dyes, hybridized to a microarray, and the intensities quantified to determine methylation state (Fig. 2) .
It was hypothesized that DNA methylation regulates critical gene expression in the uterus during early pregnancy. To test this DNA methylation was quantified in the bovine uterus at 415,000 sites in the genome in samples that had been previously assessed for genome-wide gene expression profiles (Fig. 3) . Animals used for this study came from two genetic strains of Holstein-Friesians. A New Zealand genetic strain characterized as having a fertile phenotype and North American genetic strain characterized as having a subfertile phenotype (7, 8, 16, 24) . Gene expression was correlated with DNA methylation probes that could be mapped to within annotated genes or 10 kb of the upstream 5=-untranslated region of the gene to identify gene expression potentially regulated by DNA methylation.
METHODS

Animals
All procedures were undertaken with the approval of the Ruakura Animal Ethics Committee (Hamilton, New Zealand). The estrous cycles of 24 lactating dairy cows were synchronized [at 58.8 (SE 3.77) and 60.2 (SE 1.51) days postcalving in dairy cows of subfertile and fertile strains, respectively], and 14 received a single embryo transferred on day 7 of the estrous cycle. The estrous cycles of the animals were synchronized by a controlled intravaginal drug-release (CIDR) device containing progesterone (1.38 g, CIDR-B; Pfizer Animal Health Group, Auckland, New Zealand) and 2 ml estradiol benzoate im (CIDIROL Bomac Laboratories, Auckland, New Zealand) for 8 days (day of insertion day Ϫ8) with all animals receiving two 2 ml injection of sodium chloprostenol (500 g, EstroPlan; Parnell Laboratories NZ, Auckland, New Zealand) 6 days (an injection in the morning and afternoon) after CIDR insertion. All animals received a 2.5 ml injection of a GnRH analog buserelin (10 g; Receptal Intervet, Auckland, New Zealand), given 24 h after CIDR device removal. The day after GnRH injection was day 0 of the synchronized estrous cycle.
Embryos were at the blastocyst stage of development and of grade 1 quality. Embryos were produced from oocytes recovered from ovaries collected at the abattoir. The origin and reproductive history of the donor cows were unknown. Animals were slaughtered at day 17 of the reproductive cycle, and endometrial tissues (both caruncular and intercaruncular) were sampled. Selection criteria for the study included strain and calving date, and health postcalving was an exclusion criterion (cows with severe uterine infections or mastitis were excluded before being enrolled in the embryo transfer round). Cows in each strain were matched for calving number and age. A total of 10 cycling and 12 pregnant animals enrolled in the study were utilized, due to the associated costs of slaughtering the cows. These animals represented fertile (six pregnant and five cycling Holstein-Friesian cows with New Zealand ancestry/Յ30% North American genetics, A DNA sample is divided into 2 aliquots, and 1 sample is immunoprecipitated with an antibody that binds methylated cytosine, enriching the sample with methylated DNA only. The enriched sample and nonenriched sample are then labeled with different dyes and hybridized to a microarray, and the intensities quantified to determine methylation state. n ϭ 11, NZ) and subfertile (six pregnant and five cycling HolsteinFriesian cows with Ͼ87% North American ancestry, n ϭ 11, NA) phenotypes of Holstein-Friesian dairy cows (7, 8, 16, 24) . In brief, Holstein-Friesian dairy cow strains of NA ancestry have poorer oocyte and embryo quality, lower conception rate to first and second services, lower 6 wk pregnancy rate, and overall lower pregnancy rate compared with NZ strain Holstein-Friesian dairy cows. Gene expression differences between the two strains in nonreproductive tissues have been published previously (12) . Detailed methods and production data for the cows used in this study have been published previously (28) .
Methylation Microarray Design
The microarray design targeted all CpG islands in the genome (34, 021) , as designated by the UCSC genome browser. CpG islands were predicted using a modification of a program developed by G. Milkema and L. Hillier (unpublished) implemented on the bosTau4.0 genome build available for download through UCSC genome browser portal. Overlapping CpG regions were merged, and the regions were tiled at 10 bp using Agilent's eArray tool with repeat masking. Probes were designed using the criteria: 1) melting temperature (Tm) range 60 -90°C and 2) mono nucleotide repeats Ͻ5. These probes were then BLAST against the bovine whole genome, UCSC genome build bosTau4.0, and cross hybridizing probes were removed. Criteria for identification of cross hybridizing probes included probes showing a continuous alignment stretch Ͼ44 bp (regardless of mismatches) at untargeted genomic locations in the bovine whole genome. Probes were designed to target all CpG islands plus a 100 bp region flanking each side of all CpG island. After repeat masking, a total of 362,213 probes were designed to target all CpG islands (60 bp long with an average spacing of 10 bp). An additional 53,420 probes were designed to target Ϫ3 kb to ϩ1 kb flanking of transcriptional start site of 1,564 transcripts of interest (with an average spacing of 50 bp). The total number of probes designed for this microarray was 415,663 plus an additional 1,711 Agilent control probes.
DNA Extraction and Quality Control
DNA was extracted from endometrial tissue using a Qiagen DNeasy blood and tissue kit (QIAGEN catalog #69506). DNA quantity was determined by spectrophotometry using a NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, DE). We assessed genomic DNA integrity by running it on a 0.8% Agarose Gel. Genomic DNA purity was assessed by the NanoDrop ND-1000 UV-Vis Spectrophotometer (NanoDrop Technologies). Genomic DNA with OD260/OD280 Ͼ1.8 and OD260/OD230 Ն1.3 was used for microarray experiments. We considered DNA to be good quality when a single clear band was seen when run against a reference genomic DNA sample.
Sonication and IP of Methylated Regions
We made up 5 g of DNA to 200 l with 1ϫ PBS; this was sonicated at 20% amplitude for 12 cycles at 10 s ON & 10 OFF on a Sonics Vibra-Cell Sonicator (model no. VCX 130PB). We ran 200 ng of this sonicated sample on the Agilent Bioanalyzer to check for sonication efficiency. An ideal smear size ranged between 100 and 700 bp.
The sonicated DNA was then immunoprecipitated with anti-5 methyl cytidine (cat. no. Eurogentec ref. MECY_0500) bound to Pan Mouse IgG Dynabeads (Invitrogen cat. no. 110.41) overnight at 4°C. Beads were washed and DNA eluted in 1% SDS solution at 65°C. One fraction of the sonicated DNA was set aside without immunoprecipitation, and this was used as the input.
Input DNA (whole cell extract genomic DNA) and immunoprecipitated DNA was precipitated with 3 M acetate after a phenol- 
Labeling and Microarray Hybridization
A 400 K custom designed Agilent microarray (2 ϫ 400 K array format, AMADID, and part no. are 027994 and G4820A, respectively) was used for microarray hybridization. Input DNA was labeled with Cy3 and IP DNA with Cy5 fluorescent dye using Agilent's Genomic DNA labeling kit (cat. no. 5190-0453). Labeled samples were cleaned and concentrated with Microcon YM-30 columns (Millipore cat. no. 42410).
All of the labeled immunoprecipitated DNA (ϳ3-4 g) and 4 g of labeled input DNA were used for microarray hybridization. Microarrays were hybridized for 40 h at 65°C and then washed using aCGH wash buffer 1 and 2 for 5 min and 1 min, respectively.
Microarray Scanning and Data Analysis
Hybridized arrays were scanned at 2 m resolution on an Agilent Technologies Scanner G2505C. Data extraction from Images was performed with Feature Extraction software v. 10.5.1.1 of Agilent. Feature extracted data were analyzed using Agilent Genomic Workbench software from Agilent. Two color hybridizations were performed by labeling one set of samples with Cy3 dye and one set of samples with Cy5 dye. Normalization of the data was performed by the centralization method (centralization adds or subtracts a constant value from each log ratio measurement; this recenters the log ratio values and makes sure that the zero point reflects the most common ploidy state or copy number). Methylation states were obtained by the BATMAN algorithm, which is a visualization and report analysis tool that determines the absolute methylation level for CpG dinucleotides contained within DNA fragments queried by probes across the microarray. The algorithm begins with a calibration step, which uses a regression to fit a trend between local CpG density and either probe log ratios or Z-scores (methylation status detection algorithm). This was followed by a modeling step, which used the calibration results to construct the conditional probability of the log-ratios (or Z-scores) given the methylation state. A sampling step occurs to generate a large number of possible methylation states. Bayesian methodology is used to invert the conditional probability and summarize the methylation state per probe. Finally, a methylation call step fits a distribution to the scores on a per-chromosome basis.
Methylation Status Detection Algorithm
The methylation status detection algorithm is designed for twocolor assays, where the green channel (Cy3 labeled) comprises input DNA, and the red channel (Cy5 labeled) comprises the affinityenriched DNA. As a result of constraints imposed on the array design, the probes that target genomic regions with varying CG content do not share a uniform melting temperature (Tm), which can result in compression of the log-ratios. The methylation detection algorithm allows normalizing the log-ratios for each probe, based on its Tm, and returns the methylation status of a probe. The algorithm first bins the probes by their melting temperature. For each bin, it applies Gaussian fits using one of three models. It fits the probe log-ratios to Gaussians, with a local searching algorithm called random hill climbing. Z-scores and P values derived from the Gaussian data give probabilities and confidence values for methylated and unmethylated probe populations. The algorithm then calculates a methylation log odds, which gives the relative probability that a probe is more likely methylated than unmethylated.
To Be Considered as Methylation State, the Following Parameters Were Taken Into Consideration
Combined Z-score. This is the summation of the left and right Gaussian Z-scores. It reflects the location of a probe log-ratio value in relation to the Gaussian distribution(s) of probes with similar Tm. A strong positive value of the combined score means it is methylated, while a strong negative value indicates the probe is unmethylated.
Right Gaussian Z-score. The Z-score derived from the right Gaussian. A positive or a small negative value means that the probe is likely to be methylated.
Left Gaussian Z-score. The Z-score derived from the left Gaussian. A negative or small positive value means that the probe is likely to be unmethylated.
Log odds. The log odds score indicates how likely a probe is to be methylated.
BATMAN call. Plus one (ϩ1) represents methylated; Ϫ1 and 0 represent unmethylated states of the probes.
Mapping of Microarray Probes to Genes
Genomic coordinates for methylation probes were queried against RefSeq genes in the bovine genome (refFLAT file from UCSC bosTau4.0). Probes that mapped within the transcriptional boundaries or 10 kb 5= of the transcriptional start site of a gene were annotated to that gene. Annotated methylation probes were then mapped to gene expression probes using the RefSeq accession as a common identifier.
Reanalysis of Gene Expression Data
Gene expression microarray data was published previously (43) (44) (45) and submitted to National Center for Biotechnology Information (NCBI) gene expression omnibus (GSE19140). Validation of microarray data using qRT-PCR has been published previously (43) (44) (45) . In brief, Agilent feature extraction software version 7.1 was used to analyze the scanned Agilent microarray slides. Normalization steps included background correction and LOWESS (locally weighted linear regression analysis) dye normalization as previously described. Microarray data were migrated from Genspring GX 7.3.1 to Genespring 12 (Agilent, Palo Alto, CA) for data analysis. Data were filtered "on flags" and "on expression." First, data were filtered on flags that were "detected or compromised" in 100% of at least one experimental group. Next, probes were filtered so that only those probes where expression was Ͼthe 20th percentile in 100% of at least one experimental group were used for further analysis.
Pregnant vs. Cycling Comparison
Differentially expressed probes were identified using a two-way ANOVA (pregnancy status ϫ tissue), including a Benjamini-Hochberg false discovery rate multiple testing correction (MTC) with significance thresholds set at P Ͻ 0.05. Genes that were significantly different in the comparison of pregnant and cycling animals were submitted for pathway analysis using GeneGO Metacore.
Pregnant Subfertile vs. Pregnant Fertile Comparison
Comparisons between fertile and subfertile strains were carried out by ANOVA with significance thresholds set at P Ͻ 0.05; MTC (Benjamini-Hochberg) and post hoc tests (Tukey) were also applied. Strain was tested within both tissue types (caruncular and intercaruncular) and within subgroups defined by the size classification of the embryo (small and large). Small embryos were classified as those being Ͻ20 cm (mean 10 Ϯ 2.6 cm) in length and weighing Ͻ40 mg (mean 19 Ϯ 5.9 mg, 5 embryos). Large embryos were classified as those being Ͼ20 cm (mean 36 Ϯ 4.9 cm) and weighing Ͼ75 mg (mean 158 Ϯ 33 mg; 7 embryos).The genes with P value Ͻ0.05 for the above comparisons were extracted from the Genespring Tukey comparison table. The results of this analysis have been validated and published previously (44) .
Correlation Between DNA Methylation and Gene Expression
Correlations between DNA methylation and gene expression data for mapped probes were obtained with linear models, including http://physiolgenomics.physiology.org/ pregnancy status, tissue, strain, and interactions in the model, giving a within group correlation between the two measurement types. A Benjamini-Hochberg adjustment was made on the significance levels for the correlations.
The top 1,000 correlated genes were then compared with the lists of differentially expressed genes and enriched pathways Methylation data have been submitted to NCBI gene expression omnibus (GSE43501).
Bisulfite Conversion, PCR, and Sequencing
To validate the base position of DNA methylation variation in the candidate gene IRF9, as determined by microarray analysis, we completed Sanger sequencing. We used 1 g of DNA for bisulfite treatment using the Methyl Easy Xceed protocol as per the manufacturer's instructions (Human Genetic Signatures, Australia). To amplify the regions of interest primers were designed (Table 1) to target differentially methylated microarray probes and flanking sequence using MethPrimer (22) Zealand) . Sequence data were analyzed using Geneious Pro 5.6 (Biomatters, Auckland, New Zealand). The sequences where mutations were identified and CpG were located were submitted to the transcription element search system (TESS) to identify potential binding sites for transcription factors using the default settings (33) .
RESULTS
Mapping
A total of 6,158 out of 13,317 unique bovine reference genes mapped to gene expression probes on the Agilent bovine specific microarray (see METHODS). Thirty-nine percent of DNA methylation probes mapped to within 10 kb 5= of these annotated genes. A total of 190,431 unique DNA methylation gene expression probe combinations were identified. The mean number of methylation probes per gene was 24 (Ϯ 0.27) at a mean distance of 1,029 (Ϯ 10) base pairs from the annotated transcriptional start site. (Supplementary Table S1 ). 1 
Correlation of DNA Methylation and Gene Expression Data
To identify genes potentially regulated by DNA methylation, we used transcription data from RNA extracted from the same tissues from which DNA was extracted for this study (43, 44) . In brief, statistical analysis of gene expression microarray data at day 17 of pregnancy revealed 482 and 1,021 differentially expressed transcripts (P value Ͻ 0.05) between fertile and subfertile dairy cow strains in intercaruncular and caruncular tissue, respectively. Additionally, a two-way ANOVA (pregnancy status ϫ tissue), including a Benjamini-Hochberg false discovery rate MTC identified 7,369 probes differentially expressed between pregnant and cycling animals.
DNA methylation and reanalysis of this previously published gene expression data from endometrial tissue were used to assess the correlation between DNA methylation and gene expression. The 1,000 most statistically significant data points were used (802 were unique genes) for subsequent analysis. Of these DNA methylation probes 52% were negatively correlated with signal from gene expression probes, while 48% were positively correlated. When this gene list was compared with previously reported studies of gene expression on the same tissues (43, 44) , 42% of these were differentially expressed between pregnant and cycling animals and 11% were differentially expressed between pregnant fertile and subfertile animals (Supplementary Table S2 ). The microarray platform and data has been submitted to the NCBI Gene Expression Omnibus.
Pathway Analysis
Pathway analysis of differentially expressed genes in the comparison of pregnant and cycling animals and in fertile and subfertile animals used in this study has been published previously (43, 44) . In brief, several pathways were enriched in the above comparisons, including those regulating the immune response to pregnancy and pregnancy recognition pathways. Repeat analysis revealed enrichment for several pathways in agreement with the published results. Genes that demonstrated a correlation between DNA methylation and gene expression and were differentially expressed were detected in these pathways (Table 2) .
Bisulfite Sequencing
The candidate gene, IRF9, was selected for further analysis. This gene demonstrated a correlation between gene expression and DNA methylation and is a significant regulator of pregnancy response, being part of the interferon signaling cascade. The exact location of differential methylation was determined by Sanger sequencing of the region identified by microarray analysis. The microarray probe that covers the area of differential methylation that correlated with gene expression is 60 bp long and contains 12 cytosines. This probe sits at the 5=-end of a CpG island in the promoter of IRF9. Sequencing outside of the microarray probe was completed and included flanking sequence not quantified in microarray analysis. The first 2,000 bp of the IRF9 promoter contains 43 CpG dinucleotides, and there were seven CpG dinucleotides assessed in the sequenced region (Table 3 , Fig. 4 ). Of these, two were completely methylated in all samples and the remaining were differentially methylated across the samples. Additionally, there were mutations in the region sequenced including a deletion in a polyguanine tract and two single nucleotide polymorphisms (SNP). The SNPs identified resulted in the loss of a CpG dinucleotide and subsequently loss of methylation. This occurred outside the region identified as differentially methylated by microarray 1 The online version of this article contains supplemental material. Genes demonstrating correlation of DNA methylation and gene expression in pathways that were enriched for in transcriptional profiling of pregnant vs. cycling (P vs. C) (43) and subfertile vs. fertile (SF vs. F) (44) dairy cows. The number of nucleotides (nt) between the start of transcription and the methylation probe is indicated in the column "Distance".
analysis. Sequences were submitted to TESS to assess predicted transcription factor binding sites over the region where the two SNPs were located. Predicted binding sites were identified for all combinations of the two mutations identified (Supplementary Table S3 ).
DISCUSSION
It was hypothesized that DNA methylation regulates the expression of genes in the uterus critical to enabling and maintaining pregnancy. The data presented support this hypothesis, demonstrating a correlation between DNA methylation and gene expression in the endometrium. Forty-two percent of the correlated genes were differentially expressed between pregnant and cycling animals, and 11% were differentially expressed between fertile and subfertile animals. In this study, only DNA methylation probes that mapped to Reference Sequence (RefSeq) annotated genes (13,317 transcripts) were considered, utilizing Ͻ40% of all DNA methylation probes. With further annotation of RefSeq genes to the bovine genome in the future, a greater proportion of these probes may be mapped to genes, facilitating a more comprehensive analysis. Additionally, we have considered each probe separately when correlating DNA methylation and gene expression to identify specific sites where DNA methylation may be important rather than all probes that annotate to a particular gene.
Fifty-two percent of DNA methylation probes were negatively correlated with gene expression. It has been reported that DNA methylation in the promoter and intragenic regions is negatively correlated with gene expression (4, 13, 34, 42) . Conversely, it has been reported that DNA methylation in gene bodies is positively correlated with expression (2, 15, 18) .
The correlation of DNA methylation and gene expression does not confirm that DNA methylation is regulating gene expression in the uterus in response to the embryo. Nevertheless, it is a critical step in establishing a causative relationship Italics show CpG sites that are differentially methylated, boldface indicates samples that are completely methylated, and roman (plain text) completely unmethylated. Fig. 4 . Distribution of promoter CpG dinucleotides in the region bisulfite sequenced. It is assumed that, during bisulfite conversion, all cytosine residues that are not part of a CpG dinucleotide are converted to thymine. Cytosines that were converted to thymine are underlined with a yellow bar.
between DNA methylation and gene expression. These data provide support for a possible role of DNA methylation in regulating gene expression in response to pregnancy and identifies candidate genes and regions for future investigation.
Pathways Potentially Regulated by DNA Methylation
DNA methylation may regulate biologically relevant pathways during early pregnancy. Pathways that were enriched in transcriptional studies were cross-referenced to DNA methylation data to identify pathways that were regulated by DNA methylation. Several enriched pathways were identified that contained genes potentially regulated by DNA methylation. Interferon (IFN) signaling pathways were enriched in pregnant animals as well as fertile animals (43, 44) . During early pregnancy, the embryo signals its presence to the mother to prevent luteal regression and establish pregnancy. The primary signaling molecule used by the embryo is IFN. Secreted IFN binds to receptors on the endometrium, activating the JAK-STAT pathway (5) . Stat 1 homodimers (GAF) or Stat1-stat2 heterodimers and IRF9 (ISGF3) then bind to the promoters of IFN-stimulated genes, activating their transcription (14) . Several genes in this pathway were upregulated in pregnant animals and were also downregulated in subfertile animals. Interestingly, IFR9, which is upregulated in pregnant animals and downregulated in subfertile animals, had a negative correlation between DNA methylation and gene expression, suggesting that methylation may have a role in transcriptional regulation of this gene. IRF9 is both stimulated by IFNs and is part of the ISGF3 complex that hyperactivates the transcription of several IFN-stimulated genes (Fig. 5) . Five of the CpG dinucleotides sequenced in the IRF9 promoter were differentially methylated in the animals under investigation. In addition, two variants were identified that result in loss of CpG dinucleotides and subsequently loss of DNA methylation in the region flanking the microarray probe. Only one animal (a pregnant fertile cow) had two copies of the CpG dinucleotide at both sites. This animal appeared to have complete methylation of these CpG dinucleotides. This cow had the greatest amount of IFNT in the uterus compared with other fertile animals and had the second lowest amount of IRF9 expression compared with other pregnant fertile animals. Further sequence analysis is required in a greater number of animals to determine if these mutations are associated with IRF9 gene expression. The mutations identified were submitted to transcription factor binding site prediction software to determine if these mutations result in loss or gain of predicted transcription factor binding sites (Supplementary Table S3 ). The software predicted that there were differences in predicted binding sites (gain and loss of potential transcription factors) as a result of the mutations however, further investigation is required to determine if these predicted sites bind the proposed transcription factors and if this is associated with gene expression.
The two genetic strains used in this study come from distinct ancestral populations. The fertile genetic strain was selected such that they have predominately New Zealand ancestry with Յ30% North American genetics, and the subfertile genetic strain has Ͼ87% North American ancestry (7, 8, 16, 24) . Therefore, it is possible that differences in DNA methylation between the two strains is a result of transgenerational epigenetic inheritance.
These results provide preliminary evidence that DNA methylation could be regulating the unexplained differences in the response to IFN in the fertile and subfertile animals. DNA methylation was also correlated with gene expression of several genes in other pathways predicted to be important in early pregnancy events. These included cell adhesion, cytoskeleton remodeling, and cell proliferation pathways. The relevance of these pathways in early pregnancy has been previously reported (43, 44) . Correlation of DNA methylation and gene expression in these pathways provides additional support for the notion of a role of DNA methylation in early pregnancy response. Genes that contribute to the enrichment of these pathways demonstrated a negative correlation between DNA methylation and gene expression. The correlation between DNA methylation and gene expression in pathways implicated in early pregnancy events and pathways differentially regulated in fertile and subfertile animals during this time suggests that DNA methylation in the endometrium may play a role in pregnancy success.
DNA methylation relies on the availability of methyl groups from S-adenosylmethionine (SAM) synthesis provided through the one-carbon metabolism pathway. This process relies on an adequate supply of B vitamins, such as folate, in the diet, or through production by microbes in the rumen in dairy cows (10) . It has been reported that rumen microbial production of folate and other B vitamins may be insufficient in highproducing dairy cows (42a). Inadequate supply of B vitamins for SAM synthesis may be due to preferential utilization by the mammary gland for milk production. Furthermore, B vitamin supplementation can influence DNA methylation, resulting in alterations to gene expression and phenotype. B vitamin status has been associated with the probability of conception and risk of pregnancy loss in women (38, 39) . Additionally, global DNA methylation and DNMT expression have been reported to vary with day of estrous cycle and with divergent uterine receptivity (36) . Lastly, supplementation with B vitamins has been reported to increase conception to first service rate in cows, providing a possible link between DNA methylation and reproduction in dairy cows (19) .
Our previously published transcription studies in pregnant and cycling dairy cows at day 17 of pregnancy did report differential expression of genes involved in DNA methylation including those of the one carbon metabolism cycle. In particular, DNA methyltransferase 3-like (DNMT3L) and methylenetetrahydrofolate reductase (MTHFR) were both differentially expressed between pregnant and cycling dairy cows. There were no differences in these genes between the two genetic strain of dairy cow (43, 44) . DNMT3 is responsible for de novo methylation, and the related transcript DNMT3L was downregulated 1.8-fold in pregnant cows in the intercaruncular endometrium. In addition, MTHFR was upregulated 1.6-fold in the pregnant intercaruncular endometrium. The MTHFR enzyme converts homocysteine into methionine, which is the precursor for the methyl donor SAM. Mutations in this gene that result in reduced enzyme activity have been associated with increased risk of recurrent pregnancy loss in women; however, the negative effects of decreased enzyme activity are hypothesized to occur via increased homocysteine concentrations rather than via effects on DNA methylation of specific promoters (29) . Alterations in maternal folate availability have been associated with DNA methylation in the DNA of offspring (41), but we are not aware of any studies demonstrating a link between folate or the activity of carbon metabolism pathways and DNA methylation in the uterus during pregnancy. While we could speculate that differences in these genes may contribute to the observed differences in DNA methylation the uterus this would require further experimental investigation.
Conclusion
DNA methylation was correlated with gene expression in several pathways implicated in early pregnancy events. The majority of these genes demonstrated negative correlations, suggesting that DNA methylation may be contributing to endometrial gene expression changes in response to cues received from the embryo. In addition, genes that were differentially expressed in fertile and subfertile strains demonstrated correlation between DNA methylation and gene expression. This suggests that differential DNA methylation could be a significant contributor to the divergent fertility of these two strains of dairy cow. The results of this study demonstrated correlation between DNA methylation and gene expression only; while this provides support for a role of DNA methylation in regulating gene expression during pregnancy, it does not provide direct evidence of causation. A causative relationship between DNA methylation and gene expression during pregnancy requires further investigation. This study provides support for this mechanism and highlights candidate genes for future studies.
